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Severa l  r t o e l  aad titanium alloya were chemically mil led  i n  acid baths 
generaJ.3~ similns t o  those employed commercially. 
431 stainless, 301 F% e ta in l e sa ,  A286 stainless, W 5 0 ,  and AE4355CRT, uere 
chemically milled i n  a bydroahloric - n i t r i c  - phosphoric ac id  formulation. 
The titanium al loys,  Ti-5A1-2. S n ,  TI-&L4V, and Ti-13V-llCr-381, were 
chemically milled I n  a hydrofluorio acM bath. 

The steels; AIS1 4340, 

The chemically m i l l e d  .materials were invest igated for s u e c e p t a b l l ~ t y  t o  
hydrogen embrittlement by upe of a constant s t r a i n  rate bend tester designed 
and b u i l t  a t  Canvair-Astronautica. 
espec ia l ly  suitable f o r  t h e  inves t iga t ion  of' hydrogen embrittlement of 
shee t  materials. 
rapid a& easy t o  perform. 

This t e a t  technique baa- proven t o  be 

The bend tea$ proved qui te  eenaitive and is inexpensive, 

Of tha eteels  investigated,  only the 4340 and 301 cold worked stainless were 
hydrogen embrittled by t h e  chemical roilling process. 
other etectl. were similar In struoture and of equal o r  greater t e n ~ i l s  strength, 
they were no); - i t t l ed  by W r o g e n  pickup from chemical milling as evalG%eT 
by the conatant s t r a i n  r a t s  bond test. 

Although most of  t h e  

The alpha t i tanium al loy TE5A1-2.5Sn ualp not embri t t led by hydrogen introduced 
by chemical milling and t h e  alpha-beta a l loy  TI-6Al-bV ehowed on ly  minor 
embrittlexnent, However, tho beta al loy Ti-13V-l lCr-3Al was severely ernbrittled 
by chemical milling, 

It USIS found that t h e  o r i g i n a l  d u c t i l i t y  of the hydrogen embri t t led materials 
could be restored by appropriate  recovery treatments. 
with whioh d u c t i l i t y  wa8 rsrtotd  VIB found t o  depend upon the! material. 
For emzimpZ.u* hydrogen emhittfd 4340 steel  w a s  Found to be  free frm 
hydrogen embrlttlement af ter  holding between 8 and 33 hours a t  room temperature 

The ease and r a p i c i t y  
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One of the phonomoxaa encountered in e tee l a  heat t r ea t ed  t o  r e l a t i v e l y  high 
strength level0 is t he  occurrence of b r i t t l e  delayed failures i n  service. 
For example, e lec t ropla ted  high s t rength  steel bo l t s  have shown delayed 
failures at the  root  of the  thread6  o r  in tho head f i l let;  ainnilirly, other 
e lec t ropla ted  high s t r eng th  steel parts have been known Lo f a i l  i n  a b r i t t l e  
fashlon under the inf luenas of s t a t i o  loads, 
r e l a t i v e l y  mild service conditione I n  spite of precautions taken t o  rnlnimizs 
o r  e l iminate  the commonly known embr i t t l ing  fac tora  such as poor f i l l e t  
design and improper thermal treatments. Service failures have been reported 
in p l a i n  carbon ateel springs heat t r e a t e d  t o  high strength levels and 
subsequently plated or pickled and in alloy steels aircraft landing gear 
components heat t r ea t ed  t o  high s t rength  and then plated with cadmium. 

This hae been observed under  

In vieu of  these  obaervationa, it  appeared t h a t  the phenomenon of delayed 
failure under rtatic load wa8 aasociatsd with first, e t ee l a  heat t r e a t e d  
t o  high atrengtjh lwel8, and seoond, exposure t o  a hydrogen environtagnt 
in proomsing. 
conaidrrabh evidence has been obtained t o  show that th ia  phenomenon 

Since the recognition of hydrogen embrittlement of s%e&Z%F- 

occura in otber  materiala. 

It is now wall ostablished that under c e r t a i n  conditions hydrogen can have 
an adverse oPPsot on t h e  mecbanlcal proper t ies  of steels, pcrt iculp.r ly  high 
e t r eng th  s teeb,  some titanium alloys, and t o  a lesser ex ten t  some other  
ferrou and noa-fsrroua a l l o y s .  The chief effects are a marked decrease i n  
d u c t i l i t y  on slov etrinining anb a propensity toward delayed failures under 
s t a t l a  load8 even at atresees far below the y i e l d  strengbh. 
impaat r e s i s t ance  snd f a t igue  properties remain unaffected. 
m o d t z l t t s  is n ~ t  changd and the cshjm of the t rue  strgaswstmin curve r e d  
t h e  8am(l. 
are af fec ted  only s l ightly.  

I n  general, 
The Young's 

The liltinrate tonsi ls  strength of notched and unnotched specinena 

The fouaving i a  a br ie f  t e v i w  of aom of the many observationa of the 
effects of hydrogen. 
Buzzard and Cleaves (1) and other work include8 summaries of prevfoua 
information together  with bibliographies (2,3,4,5,6,7 and 8). 

An exhaustive,litersture survey has been nade by 

Hydrogen may ba Introduced into ateel from a va r i e ty  of sources. 
m u n g  procasa Itself i s  one major  o r i g i n  of hydrogen (9,lO) and it is 
p a r t i c u l a r l y  troublesome i n  large section a i m 8  (11,L.Z). 

The s t ee l -  

CR,her processiA?g 



operation8 8Ucb M aold pickl ing  (13,U) and e lec t rop la t ing  (15,16,17) a r e  
recognised sourcea w b i c h  have been studied. It i e  q u i t e  probable that the 
chemical U n g  procees dl1 introduce hydrogen, 

on0 i n t e ree t ing  espect of hydrogen in steel  is t h e  effect of cold rolling, 
Darkon and Smith (18) showed that the  maximum amount of hydrogen absorbed 
in pickling imrsased l i n e a r l y  by increaaing the degree of cold working 
p r i o r  to pickling. 
s i m i l a r  depndenca on the degroe of deformation. Bend teats  have shown 
t h a t  cold worked a t o e l  is more susceptible t o  embrittlement than annealed 
&eel (19). 

They also found that t h e  rate of absorption showed a 

Tho s t rong  dependence of hydrogen embrittlement on s t r a i n  rate and t e s t i n g  
temperature hsls been verified by a number of inves t iga t ions  (20,22,22,23,24). 
For examplo, It ia, v e l l  known that hydrogen charged specimens which exhibit 
e m b r i t t l e d r a t  a t  moderate strain r a t e s  and temperaturea oan be mads to 
show normal d u c t i l i t i e a  when teated a t  high s t r a i n  rates or at low temperEtturesc 

Tho strength l e v e l  t o  which steel is heat treated also has a s t rong effect 
(111 IAw s&zsats#wXity t o  hydrogen srrPbrittlsIsent. 
level# inureare the s u s a e p t i b l l i t y  of a given steel  t o  hydrogeB embrittlem%ntp 
(25,26,27,28), 

In general, h i a m  

Numerous studiesr have been made In which recovery from the embrit t led stat& 
hau3 been obasrved t o  ocour with elapsed time a t  room or  somewhat elevated 
temperatures (8,16,17,19,23). 
tests elongation, redQction of area and notched rupture  t e s t s  have been u ~ e d  
aa an index of enbrit t lement.  
decreased with f n a r w e d  holdingt imo and temperature and complete recovery 
of d u c t i l i t r  use eventually attained if the charging conditione were n o t  
t oo  severe. On the other  hand, when t h e  s t r eng th  l e v e l  w a s  high and the 
charging aonditiona swere (Ugh hydrogen contents),  baking treatments ~hiek 
were effeative in producing recovery a t  lower s t r eng th  levels were not a h l o  
t o  produco complete recovery at the higher s t r eng th  Isvela. 

Various c r i t e r i a ,  such as bend tests , cup 

In general, t h e  degree of embrittlement 

In review, then, it haa been established that t h e  degree of embrittlement 
of r t e e l o  is influenced byr 

(1 1 hydrogen content 
(2) ultimate tensile atre- 
(3 1 temperature of t e a t  
( 4 )  
( 5 )  
(6) 

~ 

time elapsed after charging with hydrogen 
rate of application ~ n d  magnitude, of stress 
temperature and time of hold of hydrogen relief treatment 
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ffudroa.a BPbrlttlemnt of T W  

alloys, a very high hydrogen concentration is required t o  produce embrittle- 
ment. Although very little work has been down on o the r  materials, enough 



Fer example, though aus t en i t i o  i r u w b r o m i w n i c k e l  a l loye ( face  cantered 
cubic s t r u c t u r e )  are in general lure ca 
f e r r l t l o  (body centered cubic e t rua tu re  p" and martensitic steels ( te t ragonal  
structure), they are def i n e t l y  susceptlble t o  hydrogen embrittlement If 
s u f f i c i e n t  hydrogen b present. 
compoeition among other things . 

b l e  of being embrit t led than 

This s u s c e p t i b i l i t y  is a function of 

An l n t e r e e t i n g  i l l ue t r a t ion  of the effect of composition hapi been provided 
by Trobno and Blaaahard (29) .  Thoy Invest igated t h e  effects of adding 
ahromlum and Iron to nicke l  and covered the range f'rom commercially pure 
n icke l  to 25-20 stainless steel (all aue ten i t i c  ntructures). 
that the hydrogen embrittlement of the nickal-Iron al loy decreased with 
increasing iron; an apparent anomaly efnce Iron is t h e  easiest metal t o  
embr i t t l e  with hydrogen. 
behavior by relating the  decreased s w c e p t i b i l i t y  t o  hydrogen ernbrlttlement 
wfth increw& iron content to the filling of  the incomplete 3d bsurds of 
the  t rana  k t i o n  metals. 

It was found 

These authors have attempted t o  explain thi6 

. .. ~- 

The theoriea t o  be discussed below a r e  primarily ah& at explaining the 
slow a t r a i n  rate hydrogen embrittlement of steels, although they may po6aibly 
apply tQ other materials. 

An aaceptable theory must explain the unusual cha rac t e r i s t i c s  of t h e  embrittle- 
ment phenomenon. 
tes t  terapernturas arpd 1s accordingly most severe in an intermediate temperature 
rang.. 
phenomena, hydrogen embrittlement is lnversly dependent upon s t r a i n  rate, 

First, hydrogen embrittlement disappears a t  low and high 

Second, in s t r i k i n g  contrast  t o  "conventiona3." embrittlement 

1.8.) es with i a c r e u i n a  strala r~ t8. 

No universally aooeptd theory of hydrogen tunbrittlemerit has been develop& 
as yet. 
bo gTouped i n  two categordre. One explains embrittlement on t h e  basis of 
t h e  presaure exerted by no3swlar bydragen in lat t ice voids or defects ,  
while the other a t t r i b u t e s  t h e  aabrft t lement t o  the  influence of hydrogen 
i n  t h e  lattice. 

Historically, the planar preeeure theory advanced by 2 p f f e  and co-worker8 
w a s  first wed t o  explain the  eqc r imen ta l  observations (35). 
Bast ion and Azo& (36 ) ,  de Kazincsy (37), and Petch and Stables  (38), have 
proposed mechanismdl of hydrogen embrittloment which are, broadly speaking, 
v a r i a t i o n s  o f  the planar pressure theory. These theories exh ib i t  s i m i l a r  
features, although the  propoeed mechanism d i f f e r  In d e t a i l .  A11 inveatiga- 
t o r s  pos tu la te  t h e  exis tance of a l a t t i a e  containing defects .  
on t h e  au thor ,  these defects may be termed Griffith c r a c b ,  voids o r  l a t t i c e  
rifts, 

The current theoriea employed t o  expl- hydrogen e ~ b r i t t l e m a n t  c m  

Other workers, 

Depending 

The irn?llcit. a n s ~ q t i n n  is made tht the  voids are of large s iae  

FORM NO. A-702.1 



vhen oompred to the volume of the lattice unit cell. 
sourue of damaging hydrogen I s  tho hydrogen i n  aolution which d i f f w e e  
into and is locallmred in the  voida or a t  t h e  void aurfaca,  
d e t a i l a  of t h e  smbrlttlement mechanism depend upon whether the hydrogen a t  
t h e  void surfaee or  in t h e  void i a  asaumsd t o  be embrittling. 
Bestien and A ~ Q U  and d e  Kazincsy a a s w  t h a t  hydrogen in voids fs damaging, 
whereas Petch and Stablee bel ieve  t h a t  embrittlement i e  oaused by hydrogen 
adsorbed on t h e  void surfaw. 

I n  a l l  theor ies  t h e  

The spec i f i c  

Zapffe, 

Each of t h e  e m b r i t t l ~ e n t  mechanienrs dlscusesd above aan be used to explain 
a great deal (but not a l l )  of the observed experimental observations. 
Objection8 have h e n  raieed t o  the  vapioua theor ies  bmed on c e r t a i n  aspects 
of the proposed meohaniam. 
objeotion t o  all t he  above theoriee (39). 
it i r  aeeluaad that the dls tr ibut ion  of t o t a l  hydrogen (i.eo t h e  hydrogen 
in solution and in the voidm) is uniform throughout the a tee l .  Whereas, 
i n  faot, experimental evidence lndfcates tbot PrequM& the hydrogen is 
confined t o  t t h i n  layer near the aurfaca of the ateel. %iano, e t .  a1 ( 4 U )  
arlt i txdly m d u b e d  t h r e e  theoriee of hydrogen embrittleatent by inves t iga t ing  
the EEf3-c~ of' plas t io  strain on thm s g h g  characteristios of hydf~gemtrid-~= 
steel. 
defamation either p r i o r  or subsequent t o  hydrogenation and noted that the 
planar presaure theory was incapable of explaining the obsemed rersults. 
Furthermore, this work definely indicated that hydrogen i n  voids was r e a l l y  
mn-embri t t ling. 

For examplo Tah and Baldwin have rctied an 
They poin t  out that i n  each case 

They found t h a t  t he  recovery curve vm s t rongly  modified by p l a s t i o  

Based on tbese  results, Troiano proposed a new theory t o  explain hydrogen 
embrittlament. 
hydrogen including those found i n  recent  s tudies .  According t o  T r a h n o  a 
c r i t i o a l  combination of t r i a x l a l  stress 8 t a t e  and hydrogen concentrdtion is 
necessary for i n i t i a t i o n  and Jubsequent propagation of ra crack. 
cont ro ls  craak propagation by diffusing ahead of (or t o )  t h e  advancing crack. 
It ahould be noted that In th ie  theory it is t h e  hydrogen i n  s o l i d  aolut ion 
in the l a t t i ce  that is t h e  embrittlkng agent whereas it is molecular 
hydrogen in t he  voids i n  the  planar presaure theorice,  

The new theory adequately exphias a3.l obsemed effects of 

Thus hydrogen 

Ualng TruiBno's theory, it l a  poseible  t o  predict t h e  crack kanstica of 
delayed failure due t o  hydrogen, When hydrogen concentration i n  a region 
of maxigum t r i a x i a l l t y  (notch, inclusion, microaradc, etc. ) reaches a 
critiaal valur  a orack is nucleated. This i n i t i a l  crack should propagate 
instantaneously until sthpped by the  higher f r a c t u r e  stress of t h e  adjacent 
material of lower hydrogen content. The continuation of  cracking nust then 
a w a i t  t he  f u r t h e r  d i f f u s i o n  of hydrogen t o  the new region of t r i a x i a l i t y  
near  t he  base of the crack where snother i n l t i T t i o n  will occur. T h u s  
delayed f a i l u r e  of  hyarogenaCed 
continuous crack i n i t i a t i o n  and growth, 
sbown tna-t; delayed f a i l u r e  in nyurogennted s tee i  is, icdeed, ,z process oi 
discontinuous crack initiation 2nd growth (41). Thus, cons ide rab le  evitience 

steel  should proceed by a procuss of dis- 
I n  a more rc>cent work Trolnno h-is 
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ham been found t o  eupport Troiano's theory of hydrogen embrittlemsnt. 

HvdrOaen Ehbrittlement Test Tecbniau eg 

I n  t h e  past, many t e a t  techniques have been used t o  evaluate t h e  hydrogen 
embrittlement s u s c e p t i b i l i t y  of  many materiale. 
tests employed divided in to  ahort dura t ion  and long dura t ion  tests is  given 
below? 

A l i s t  of many of t ho  

A. Short Durat iog 

w Measure of embrittlement 

1, Tenaile reduction of a r ea  

angle of bend 2, Bend over mandrel 

3. Notched t e n s i l e  Notched t e n s i l e  s t r eng th  

.-._ 

B. Jlonst Duration 

1. St ressed  r i n g  time t o  failure 

2. Stressed  notched "C" r ing  time t o  fa i lure  

3. Torqued b o l t  t i m e  t o  failure 

4 .  Sustained load hend t i m e  t o  failure 

5 0  Sustained load notched t e n s i l e  time t o  f a i l u r e  

I n  general, t h e m  tests have been employed throughout t h e  a i r c r 2 f t  indus t ry  
as a go-no go q u a l i t y  con t ro l  test of hea t  t r e a t e d  and electro-plated s t e e l s .  
b e t  of these  tests, however, a r e  not  adequate f o r  e q u a n t i t a t i v e  evaluation 
of t h e  phenomenon, and i n  some instanoes they are not even q u a l i t a t i v e l y  
adequate. This is because t h e  quantitie,. moasured i n  t hese  t e s t s  involve 
many other physical f a c t o r s  of complex nature which tend t o  cloud t h e  s ign i -  
ficanca of t h e  results. Perhaps t h e  r egu la r  t e n s i l e  test is most t y p i c a l  
i n  this respec t  (42)o 
s e n s i t i v i t y  i n  detecting hydrogen embrittlement was shown i n  a 
p r o j e c t  ca r r i ed  out by a n  ARTC project,  W-45 ( 4 3 ) .  
techniques shown above were compared by using the  same heat of s t e e l  embr i t t l ed  
t o  t h e  same extent. O f  a l l  t e s t  techniques inves t iga ted ,  t h e  sustained 
load notched t e n s i l e  t e s t  (rupture t e s t )  w a s  t h e  most s e m i t i v e  and reproducibl 

T h a t  all t e s t  techniques do not possess adequate 
recent  

Most of t h e  t e s t  



ASTRONAUTICS 0 
One i n t e r e s t i n g  foa ture  of t h e  sustedned load notched t e n s i l e  test (rupture  
test)  is that by conducting testa a t  enough stress lovela t h e  lower c r i t i ca l  
stress ( s t r e s s  below which failure does not occur) can be determined with a 
notoh of a given geometry (Ll), 
q u a n t i t a t i v e  s ign i f icance  can bo obtained by t h i s  t e s t  technique, However, 
t h e  lower cr i t ical  stress is &a a func t ion  of notch geometry and it is 
d i f f i c u l t ,  i f  not impossible, t o  apply t h i s  d a t a  t o  actual design, 

It appears, therefor., that da ta  of some 

From a p r a c t i c a l  standpoint t he  notched t e n s i l e  test  may be t oo  s e n s i t i v e  
i n  many cases. 
given a r t i c l e  is dotermined not only by t h e  c r i t i c a l i t y  of  t h e  a r t ic le  but  
also by t h e  nature of t he  serv ice  stresses which are d i f f i c u l t  t o  oa l cu la t e  
r igorously,  
tes t  is  not at  all neoessary fo r  many appl icat ions.  
t reatments  which re l ieved  failure of e lec t ropla ted  lockwashers were not  
s u f f i c i e n t  t o  prevent delayed f h l u r e  i n  notched t e n s i l o  t e s t s  (17), 

The degree of embrittlement t h a t  oan be to l e ra t ed  i n  a 

Thus complete freedom ffom embrittlement In  a maximum s e n s i t i v i t y  
For example, baking 

I n  general ,  the  more s e n s i t i v e  t e s t a  are considerably more expensive and 
t i m e  consuming, 
a u i t e d  t o  the  t e s t i n g  of shee t  mater ia ls ,  
t o  examino o the r  test methods t o  deternine their s u i t a b i l i t y  for t e s t i n g  
shee t  materials and t h e i r  s u i t a b i l i t y  a8 a possible  replacement f o r  t h e  
more expensive, long time tclst methods present ly  in useo 

F u r t h e m r e ,  most of t h e  tests used a t  present  are  not  
Thersfore , i t  appear8 juatifiab.l.t 

~ ~ - - ~  

The i d e a l  tes t  technique should be inexpensive, s h o r t  i n  durat ion,  amenable 
t o  ahee t  material and s e n s i t i v e  t o  de t ec t ion  of hydrogen embri t t leqent  a t  
f a i r l y  low l e v e l s  of embrit t lenent,  Bend t e s t s  seem t o  s a t i s f y  a l l  t h e  
above requirements but  the  last, Bend t e s t s ,  as they have been ca r r i ed  
out  In the pas t ,  have proven 80 Insens i t ive  t h a t  t h e i r  use  s e e m  highly 
undesirable, Howevar, a new approach t o  bend t e s t i n g  w a s  i n i t i a t e d  a few 
years  ago by Sacks (44,). It i a  Idea l ly  s u i t e d  t o  sheet material a i n c e  it 
uses bending of t h i n  strips, Bending of the  sample is performed 85 a fres 
end-loaded column a t  various constant s t r a i n  rates, 
accura te  memurement of t h e  fracture strains of a s teel  over a wide range o f  
embrlttleunent condition#, 
l inear  Increase i n  s t r a i n  with reduction in column height and is, therefore ,  
a constant  s t r a i n  rate t e s t  (4 .4 ,45) ,  
tests which are oonatant bend radius  t e s t a ,  

= 

Thia tes t  permits 

This t e s t  is f u r t h e r  character lzed by a nearly 

This is i n  contraet  t o  moat bend 
~ 

Therefore, t h i s  test  technique wa8 adopted f o r  t h e  present  study of hydrogen 
embrit t lement o f  shee t  mater ia l s  a8 ef fec ted  by chemical mil l ing,  
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MBteriale werta se lec ted  on t h e  baeis of  t h e i r  p resent  o r  p o t e n t i a l  use i n  
t h e  aircraft and mieai le  industry i n  appl ica t ions  where chenical  mi l l ing  
might be u e d  em a proceseing too l ,  
s teel ,  431 martensitic s t a i n l e s s  s teel ,  AM 350 semi-austeni t ic  p r e c i p i t a t i o n  
hardenahlo s t a i n l e s s  steel ,  301 and AM 355 e t a i n l e s s  steels  cold worked t o  
high s t rength ,  A286 a u s t e n i t i c  p rec ip i t a t ion  hardenable stainlePs steel and 
three titmium alloys - t h e  all alpha alloy Ti-5A1-2.3Sn t h e  alpha plus 
b e t a  a l loy  Ti-6A1-4V and t h e  a l l  beta  al loy  Ti-13V-llCr-381. 

Nino materiala ware inves t iga ted ;  4340 

The chemical composition of t he  alloya are given i n  Tabla I, 
pornpositions were ava i l ab le  o r  detcmined for several of t h e  a l loya  bu t  
f o r  others ,  p a r t i c u h r l y  the t i t an ium a l loys , ac tua l  composition was not  
determined. 

Chemical 

Thus, only t he  normal composition range is  reported i n  Table 1. 
. -_ 

~ ~~~ 

The &e& atateriala were sheared oversize and ground t o  f i n a l  si20 t o  
eliminate edge effects from shearing. 
are Rhown i n  f i g u r e  1. 
before heat  treatment,  

Sample configurat ion and demonsions 
In all cases camplea were wachined t o  f i n a l  s i z e  

Three of t h e  nine materials were invest igated i n  the as-received condition, 
The all a&pha t i t an ium alloy, wa8 inves t iga ted  in t he  annealed condition, 
The 301 and AM 355 alloys were used "as-receivedn. 
rolled t o  high s t r eng th  levels,  AM 355 being t h e  s t ronges t  material s tud ied  

These alloya word cold 

i n  th i s  program. ~ ~~ ~ 

A l l  other  materials were h e s t  t r ea t ed  t o  s t r eng th  by appropr ia te  thermal 
treatmenta.  k d n e s s  measurements were made on all materiale  and tensile 
u l t ima te  and tensile y i e l d  s t rengths  were determined f o r  many of the a l loys .  

Tho thermal treatments employed 4 t h e  r e s u l t i n g  mechanical properties ara 
given i n  Table 2. &ma a c t u a l  tensile proper t ies  were not determined they 
uerm e i t h e r  e a t h a t e d  from hardness measurements o r  guaranteed minimum 
values have been reported.  These values are  10 ind ica tad  I n  the Table, 

Chemical mi l l i ng  vas c a r r i d  o u t  i n  t h e  labora tory  using baths  general ly  
similar t o  those employed commeroially for t h e  various materials. 
steels were chemically milled i n  the beth shown below at  a temperature of 1f+OoF 

All 
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S t o e 1  chemical mi l l i ng  bath 

HC1 - 15% by volume 
"03 - 1TJ 
H3m4 - 3s 
H20 - 37% 
Fa - 4 grw/l i ter  

A t  t h i e  temperature t h e  bath mills at  a ra ts  of about 1 mil/minuto. 
m i l l i n g  rate changed with t h e  age of t h e  bath and type of material, but, i n  
general, t he  change w a s  amall, 

The 

The t i t an ium alloys were chemically milled i n  t h e  s o l u t i o n  shown below a t  
a temperature of W*F, M l l i n g  rate w a s  similar t o  that of the  so ld t ion  
used f o r  s t e e l .  However, t h e  s o l a t i o n  degenerated i n  mi l l i ng  power more 
rapidly than  the s tee l  so lu t ion ,  

TI tanium Chemic& Milling Bath 

KF - 23% by V O ~ U ~ O  
~ 

420 77% by volume 
Chromic Acid U5 grams/liter 

In both owes the mil l ing  ba th  w a s  replaced with a new s o l u t i o n  when t h e  
milling rate had decreased by a fac to r  of 10 percent,  

Except f o r  t h e  all b e t a  t i t a n i u m  a l loy ,  TI-13V-llCr-3A1, t h e  bend samples 
v e r t  chemically m i l l e d  from one side only. 
one s i d e  and t h e  edgw with prewure  s e n s i t i v e  lead tape. 
m i l l e d  su r f ace  was then  mde t h e  tension s i d e  during t h e  bend t e s t ,  

This  w a s  accomplished by masking 
The chemical 

The a l l  be ta  titanium alloy was nllled from both sides; only t h e  edges 
were taped. 
the uneven release of i n t e r n a l  stresses which caused t h e  bend sample 
t o  deform severely. 

"hi6 w a s  necessary s ince  mi l l i ng  from one s i d e  o n l y  permitted 

The commercial p ropr ie tory  baths d i f f e r  s l i g h t l y  from t h e  solutions used in 
t h i s  inves t iga t ion .  
baths t o  uecreat-t-e hydrogen i o n  concentration and t o  improve the  sur fcoe  
f i n i s h  obtained. 
s o l u t i o n  appear t o  have l f t t l o  influence on the embr i t t l i ng  c h a r 3 c t c r i s t i c s  
of t h e  Sath. 

Generally, small addi t ions  are made t o  t h e  commercial 

Aa w i l l  be fihown l a t e r ,  t hese  addi t ions  t o  t h e  stmdara 
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The test  techniquo mployod in this inves t iga t ion  is a free end-loaded 
b a d  t e a t  performed a t  a v a r i e t y  o f  f ixed  bending speeds. The test  is 
shown schematically i n  f i g u r e  2 and ie simply a slender  column loaded i n  
compression as one vould squeeze a long t h i n  sample between t h e  j a m -  
of a vise.  
f i gu res  3 and 4. 
observed or t h e  sample completely f r ac tu res ,  whichever occurs first, was 
used as a measure of hydrogen embrittlemant uhen compared t o  unembrittled 
baee metal behavior under the  t3am t e a t i n g  conditions,  
muet ba performed on matorials having t h e  same thicknefis i n  order  t o  bo 
complotely valid.  

Photograph of t h e  ac tua l  bend tes t  maching are shown i n  
The d is tance  the jaws corn toge ther  beforo a crack is 

The comparison 

When the ramplo fractured completely and i b l l  out of the  jaws, the machine 
stopped and the  head dopression was recorded a u t o m t i c a l l y  on a counter 
(see f igu res  3 and 4). If cracking did not r e s u l t  i n  complete f r a c t u r e  an 
t h e  ample  remained i n  the  Jaws the  head depression a t  t h e  appearance of 
tho  first crack w a s  ddtermined from t h e  load varse8 time curve recorded 
au torwt ica l ly  through a load r ing-ampl i f i~r - recorder  syatem (Bee figure 4 ) ,  

Tests wore ca r r i ed  out  at four  d i f f e ren t  t e s t i n g  speeds s i n c e  de t ec t ion  
of hydrogen embrittlement is known t o  be e t r a i n  r a t e  s ens i t i ve .  
c losure  rate var ied i n  f o u r  s tepe t  0.001 i d f i n . ,  0.01 in/min,p 0.1 ln/min. 
and 1.0 i n / d n .  
no t  excoed 47 hours a t  O.OQ1 in/min., 5 hours a t  0.01 in/min. 
0.1 in/rain. and 3 minutea a t  1.0 in/rnin, 
maximum jaw movement of t he  machine. 

Jaw 

The maxixuuxn t e s t i n g  timo ( f o r  2,8 inch Jaw c losure)  d i d  
8 hour a t  

These times correspond t o  t h e  

To compare the  e f f e c t s  of various treatments on materiala, a base l i n e  
condi t ion  WIU eatabl i rhad,  
t h o  w+seoefved or ae-heet t r ea t ed  condition, depending on t h e  material, 
wae es tab l i shed  as t h e  baFe l ino.  
comparlaons must be made t o  t h i s  base l i n e  using t h e  same thickness  of 
ma$erlal. I n  ordor t o  inveStigatQ the  e f f e c t  of chernical mil l ing,  then, 
material w a a  provided with thicknesses g rea t e r  than the thickness  of t h e  
base  line material and were then chemically milled t o  t h e  thickness  of t he  
base  l i n e  mater ia l ,  

I n  t h i s  i nves t iga t ion  the  bend d u c t i l i t y  of 

To be completely va l id  a l l  f u r t h e r  

TO accomplish t h i e  in t h e  present i nves t iga t ion  several gauges of each 
material were obtained, all from t he  same heat. 
Of 4340 s t e e l  shee t s  of .040, .050 and .060 gauge mater ia l  all r o l l e d  from 
t h e  same heat  were purchased from a suppl ier .  
no t  poss ib le  t o  secure various gauges from one heclt. 
stances a heavy gauge material was obtained and the th inner  mater ia l  required 
t o  e s t ab l i eh  the  unembrittled base condi t ion w a s  obtained by sur face  
gr inding  t o  the  desired gauge, 

For example, in t h e  case 

I n  somo other  cases it was 
Under these circwn- 
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In general, f i v e  samples were run a t  each s t r a i n  rate. 
a good indica t ion  of reproducibi l i ty  of da ta  and provided a sound bas is  
for comparison of da$a. 
(within f i v e  minutes) or after sime fixed recovery treatment. 
t he  reoovery treatment coneisted of holding a t  room temperature for f ixed  
periods of t ime.  In a few cases elevated temperature recovery treatments 
were employed. 

Five samples gave 

T e s t  were s t a r t e d  immediately a f t e r  chemical milling 
I n  general, 

mERXMEKTAL RESULTS AW D ISCirSSIO~ 

S t e e l  A l l  O V I  

AIS1 4340 steel  hea t  treated t o  265,000 psi ul t imate  tens i le  r t r eng th  was 
chemically milled from .060" gauge and 0.050" gauge t o  0.040" gauge. 
Time i n  t h e  mi l l ing  bath was about 25 minutes for ,020" metal removal and 
10 minutes for 0.010" metal removal. The average values of  t h e  bend 
d u c t i l i t y  of t h e  s teel  t e s t e d  immediately a f t e r  chemical mi l l ing  verses 
t e s t i n g  a p e d  are ehown i n  f igu re  5 .  Data a r e  tabulated i n  Table 3* 
A& shown i n  f i g u r e  5 ,  both 10 and 20 mils metal removal results rtn hydrogen 
embrittlement of  t he  a tee l .  %re severe embrittlement results from t he  
removal of 20 m i l a  metal (longer time i n  bath). However, t h e  effect of  
s t r a i n  rate appears j u s t  opposite t o  w h a t  is  normally found i n  hydrogen 
embri t t led steele; i o e . ,  aocording t o  these da t a  ernbrittlement is more 
severe at high s t r a i n  rates and completely dissappears a t  low s t r a i n  ratas. 
This is similar t o  t h e  high strain r a t e  embrittlement caused by hydride 
p r e c i p i t a t i o n  i n  some titanium al loys (30,31). 
a bydride is not a reasonable explanation t o  account for t h e  observed 
phenomenon in steel ,  

However, p rec ipa ta t ion  of 

A seaond, more l i k e l y  explanation can be found i n  the  high d i f fus ion  r a t e  of 
hydrogen i n  steel  a t  ambient temperature. 
hydrogen w i l l  d i f fuse  out of t h e  s t e e l  during t h e  long time (33 hours) 
involved in tha  low speed tes t  tha t  embrittlement will be completely eliminated 
If t h i s  explanation is va l id ,  ambient temperature recovery treatments should 
show a decrease i n  t h e  degree of embrittlement with increased holding 
t i m a  before test. 
delay should not completely eliminate embrittlement but longer t i m e s  should. 

It appears possible th?t  enough 

Furthermore, based on t h e  da t a  of figure 5 ,  a 4 hour 

To inves t iga te  t h i s  f u r t h e r ,  a series of  delay tests were performed on 
4340 s tee l  chemically ,ailled t o  remove 20 m i l s  of mctal. 
of 4 hours  and 8 hours were 603iacted. 
and data tabulated i n  Table 4 .  

Delay periods 
The resu l t s  a r e  shown i n  f i g u r e  6 

, 
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A8 shown in i l g u r o  6, the demer of embrittlement decreased with increased 
holding tima at ambient temperature. h b r i t t l e 8 l e n t  waa not completely 
eliminated with t he  4 hour delay a t  room tenrporature but a e r t a i n l y  bas 
decreaaod by a considerable margin. After 8 hours a t  ambient temperature 
embrittlement appsara t o  have decreased a l i t t l e  fur ther .  Longer delay 
t e a t s  were not car r ied  out, but it is obvioua from t h e  data that recovery 
of d u c t i l i t y  ia a t  first rapid (4 h o r n  caueed a marked i n c r e m e  i n  d u c t i l i t y )  
bu t  then 810~8 down conaiderably (8 houra delay did not produce a large 
cbange over t he  4 hour delay).  
8 houra but  shorter than 33 houra is required f o r  complete restoration of 
bend d u c t i l i t y .  
bend specimen during a test promotea the di f fue ion  of  hydrogen out  of  t h e  
steel, and, If t h i a  l a  t ruo,  longer delay periods or sluvated temperature 
recovery treatmente may be required t o  completely dliminate hydrogen 
embrittlemoat i n  ~ l l ~ t r e s 8 e d  specimens. 

Thus, I t  ia, clear that hydrogen d i f f u e e  out  of t h e  chemically nilled bend 
~nmplea durirq t h e  bend test ,  and therefore explainrr the apparent a t r a i n  
rate anomly. 

It prppcbars that  a delay period longer than 

It is poseiblo that t h e  strain gradient eetabl lshed in the 

Stainless steel, type 301, oold r o l l e d  t o  2U1,OOO pi ul t imate  strength 
vaa chemically milled from 0.100 gauge t o  0.060 gauge and t e s t e d  f o r  
hydrogen e m b r i t t l s w n t  either immediately after chemically mi l l ing  or 
after s a v o r e l  d i f f e ren t  recovery t r e a b e n t a ,  
and tabulated in Table 5 .  

Data are p lo t t ed  i n  figure 7 

As aan be seen, 301 stainless s t e e l  cold-rolled t o  high a t rength  is aewerely 
embrittled by hydrogen. 
301 stainleas e t e e l  i s  known a~ M a w t e n i t i c  8 t a h l O S 8  steel. Although 
301 is a u a t e n l t i c  in t h e  annealed condition, when t h i s  alloy is aeverely 
oold-worked the relatively unatable aus t en i t e  largely t r a n s f o r m  t o  a low 
carbon martensite. 
prone t o  hydrogen embri t t lenent  than annealed 301 e t a in l e sa  s t e e l  and in 
view of t h i a  t h e  present r e su l t e  are not unexpected. 

A t  first t h i s  may 8esm contrary t o  expectation8 aince 

Thua, oold worked 301 e t a i n l e s s  s teel  would be more 

Bend duc t i l i t y  on the same material chemically milled i n  a proprietary 
oollmtercial bath are presented i n  f i g u r e  7 f o r  cornpariaon. In the one case, 
where t h e  chsmical mi l l ing  bath WBB q u i t e  old, ambrittlement eetabl ished 
by t h e  commercial bath w a 8  more severe than t h a t  found in samples chemical 
milled i n  t h e  simple formulation used i n  t h e  laboratory. 
milling i n  t h e  now proprietory comeroial bath (same formulation) r e s u l t e d  
in somewhat lese Bevore ernbrittlement, 
r e s u l t e d  in fairly severe embrittlement 6f the aold rolled 301 s t s i n l e a s  
steel. 

But chemical 

Houover, all chemical milling b a t h  
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It ia t o  be noted that tho  strain ra te  s e n a i t i v i t y  of t h e  hydrogen embr i t t l e -  
m m t  i n  th i s  mater ia l  is t he  same as found by moet i nves t iga to r s  fo r  s teel  
alloys; i . e .  embrittlement is more severe at l o w  s t r a i n  r a t e s .  
t h e s e  rersults t o  those of 4340 s t e e l  (compare f i g ,  5 t o  f ig .  7) s t rongly  
ind iaa t e  that hydrogen is re ta ined  in t h e  eeverely cold worked s t a i n l e s e  
s t e e l  a t  room tanrperature, whereas it diffused rap id ly  out of t h e  4340 
steel. 
expected t o  provide much r e l i e f  from embrittlement. 

Comparing 

Consequently, ambient tamporature recovery treatments would not be 

T e s t s  a t  0.1 ln/d.n t e s t i n g  speed uere run on samples chemically milled and 
he ld  as long as 260 hours a t  room temperature. 
were somewhat e r r a t i c  but  showed t h a t  l i t t l e  or no?,benefit w a s  derived from 
t h i s  recovery treatment High temperature recovery treatments (baking) 
were employed in an attempt t o  e l i n l n a t e  embrittlement. 
shown i n  f i g u r e  7 and tabulated i n  Table 5 .  
a t  400°F reduced hydrogen embrittlernent considerably but d id  not completely 
eliminate it. 
5000F f u r t h e r  decremed embrittlement but again did not completely el iminate  
it. Although t h e  bend d u c t i l i t y  determined i n  the latter two  t e s t s  i a  
similar t o  t h e  base metal d u c t i l i t y  t he re  w a s  no doubt that some embrit t le-  
ment remained. 
bend t e s t  machine; i,e. samples were bent t o  t he  maximum of tho machino 
a t  all t e s t i n g  speeds ui thout ;  cracking, The baked aamples were always 
found t o  crack even i f  t h e  head depression valve (bend d u c t i l i t y )  wae 
J i m i l a r  t o  t h e  base metal value. 
assoc ia ted  with t h i s  cracking is  q u i t e  small. 

The results (see Table 5 )  

The r e s u l t s  are 
As shown in f igu re  7, 4 hours 

Longer baking a t  @WF (8 hours) and baking 4.5 hours a t  

The base metal bend d u c t i l i t y  “vudmum w a s  l imi ted  by t h e  

However, t he  degree of embrittlcmsnt 

It i a  reasonable t o  expect that higher tempera tdo  o r  longer time baking 
treatments w i l l  completely r e s to re  d u c t i l i t y .  
undesirable  vacuum degassing a t  a r e l a t i v e l y  l o w  temperature should be 
adequate. 

If such treatments a r e  

Thus, 301 atainleshl s tee l  cold worked t o  high s t r eng th  l e v e l s  can be 
severely embri t t led by chemical. milling. 
d i f f i c u l t  t o  eliminate in comparison t o  the  4340 s t e e l ,  
similm t o  those  applied t o  cadinum pla ted  steel  are not completely adequate. 
Higher temperature baking treatments might s u f f i c e  but  were not invest igated 
i n  the  present  study. 
undesirable  changes i n  t h e  material, such ae carbide p rec ip i t a t ion  i n  
slip planeR o r  g ra in  boundaries or sof ten ing  of t h e  mater ia l  by annealing 
t h e  s t r a i n e d  austeni te .  

Furthermore, t h e  embrittlement is 
Baking treatments 

Furthermore, higher baking temperatures may cause 

The t e n s i l e  propert ies  and hardness of t h e  cold worked 301 s t a i n l e s s  steel 
are considerably below those of t h e  heat  t r ea t ed  4340 steel (210 K s i  Ultimate 
and 4.2 hardness compared t o  265 K s i  u l t imate  and 52% hardness) and t he  
carbon content of t h e  maktensite formed i n  each d i f f e r  markedly. 
on these  comparisons 4340 s t e e l  should be subjec t  t o  much more severe 
embrit t l tmcnt than t h e  cold worked 301 stainless sicel. IhWever, +,he 

Based only  



degree of embrittlement appears t o  be similar f o r  both materials. 
Obviously, o ther  f a c t o r s  are imolved, 
cold work, per 8.. 
a l l o y  s t e e l  is mure suacept ib le  t o  hydrogen embrittlement than  annealed 
steel and, Darken and Smith (18) have shown that cold worked low a l loy  
s tee l  a b s o r b s  more hydrogen than annealed s t e e l .  Consequently, it is 
reasonable t o  s t t r i b u t e  a t  l e a s t  8ome p a r t  of t he  s u s c e p t i b i l i t y  o f  t ho  
cold worked 301 stainless s t e e l  t o  hydrogen embrittlament t o  cold work, 

An obvious e f f e c t  i s  t h a t  of 
Zapffe and %slem (19) have shown that cold worked low 

5s-s uch. 

Other S t e e b  

The remaining steels, heat treated 431 atainless, A286 s t a i n l e s s  and AM350 
and cold worked AM 355, were chemically milled t o  obta in  between 20 and 25 
m i l s  metal removal and were then checked f o r  hydrogen embrittlement. 
cases it was found t h i t  no embrittlemsnt ocuurod, In both t h e  embrittled 
as well 88 t h e  unembrittled condition a l l  sampJea were bent t o  t h e  lhit 
of the bend t e s t  machino without fracture,, 

In a l l  

Data are presented in Table 6 .  

These r e s u l t s  are songwhet surpriaing. 
t h e  lou s t r eng th  a y s t e n i t i c  A286 alloy would not be ambrit t led,  it urn 
expected t h a t  t h e  o ther  a l loys  c e r t a i n l y  would be gubject t o  hydrogen 
embrittlement. The ultimate tenSilQ s t r eng th  l e v e l  of t h e  o ther  alloys 
varied from 195 bi f o r  431 stainless s t e e l  t o  277 Ksl  f o r  t h e  AM 355 
cold rolled s tee l  (Table 2). Furthermore, all t h r e e  materials were hardened 
by t h e  formation of martensite, a s t r u c t u r e  which i s  generally q u i t e  suscep- 
t i b l e  t o  hydrogen embrittlement. 
worked about 60 percent. 
to hydrogen embrittlement a r e  present i n . t h e s e  a l loys .  

Although it w a s  a n t i s i p a t e d  t h a t  

In addi t ion ,  t h e  AM 355 a l l o y  was cold 
Thus, all f a c t o r s  favorable t o  a high s u s c e p t i b i l i t y  

Mfferencso i n  chemical composition of these alloys may help expla in  t h i s  
phenomenon. 
a t e e f  and a l l  o ther  a t e e l s  s o  fur discussed i r  t h e  increase  of chromium 
from 0.80% i n  0 4 0  s t ee l  t o  about 15-17 percent i n  t h e  o ther  alloys.  
However t h e  cold worked 301 a t a i n l e s s  s teel  contains about 1 3  chromium 
but  l e  still suscep t ib l e  t o  hydrogen embrittlement. The d i f f e rence  between 
301 compoeition and t h e  oompoaition of t h e  o ther  s t e e l s  is t h e  considerably 
higher n i cke l  content and the absence of molybdenum. 

The major d i f fe rence  i n  chemical composition between 4340 

These d a t a  suggest that with high chromium content f e r r i t i c  or martens i t ic  
alloyn r e s i s t a n c e  t o  hydrogen embrittlement is obtained by keeping nicke l  
conten t  low. However t h i a  co r re l a t ion  is fnr from prec ise .  

The d i f f e rence  i n  hydrogen embrittlement suscep tab i l i t y  may be r e l a t e d  t o  
composition through its e f f e c t s  on l a t t i c e  pnrameter, hydrogen d i f fus ion  
r e t e  and/or hydrogen 8 o l u b i l i t y  although t h e  a c t u a l  mechanism is not known 
a t  present.  

_.___I___.._. ~ . _- - 
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TITANIUM A L L O Q  

Alpha Alloy Ti-5A1-2.5Sn 

As received ( m i l l  annealed) a l loy  was chemically milled t o  remove 20 n i l $  
of material ( .Or t o  .03) and t es ted  f o r  hydrogen embrittlement. 
(both .030 gauge base metal d .030 gauge chem milled) bent  t o  the f u l l  
extent of t h e  t e s t i n g  machine without fa i lure  i n d i c s t i n g  no hydrogen 
embrittlement s u s c e p t i b i l i t y ,  

All samples 

Data are presented i n  Table 7. 

Troiano, et a1 (29) have shown tho 
hydrogen emb&ittlement i n  notched at hydrogen levels greater 

&oy t o  be susceptable  t o  

thctn 300 ppm, but t he  range of stresses over which hydrogen - induced delayed 
f a i l u r e a  occurrod was not large because of t he  relzj t ively slow di f fus ion  
rate of hydrogen i n  t h e  alpha alloy. 

I n  t h e  present  work, e i t h e r  t he  hydrogen level was i n s u f f i c i e n t  t o  cause 
hydrogen embrittlement o r  t h e  t e a t  was t oo  rapid,  even a t  t h e  lovea t  
t e s t i n g  speed, t o  de t ec t  i t s  pressure. 

AlDha-Beta Alloy Ti-681-LV 

With 30 h i l a  netal rernovxl by chemical mi l l i n?  t h e  alpha plus  be ta  alloy 
Ti-6A1-4V exhibi ted some tendency toward hydrocen embrittlement. Data are 
given i n  Table 8 and p lo t t ed  i n  f igu re  8. A r a t h e r  wide range of values was 
obtained from 5 i d e n t i c a l l y  chemically milled samples ,, The values ranged, 
a t  eome t e s t i n g  speede, from a vary low bend d u c t i l i t y  t o  completely d u c t i l e  
behavior. Thus, a t  some t e s t i n g  speeds t h e  range of values overlapped the 
"unembrittled" base metal condition. 
by the cross hatching represents  the maximum range of values when a t  l eas t  
one of  the, values showed conpleta d u c t i l i t y  ( i . e*  no f r x t u r e  a t  l i m i t  of 
machine). 
t h e  average bend d u c t i l i t y  value of  those c h m i c s l l y  m i l l e d  eamples t h a t  
fractured. 

In s p i t e  of t h e  large s c a t t e r  of data ,  it i s  q u i t e  obvious that chemical 
mi l l i ng  does came a reduct ion i n  bend duc t i l i t y  and t h i s  i n  t u r n  is 
probably due t o  the presence of hydrogen. 

It 58 d i f f i c u l t  t o  determine the  s t r a i n  rate s e n s i t i v i t y  of t h i s  embri t t le-  
mant from the da ta  presented i n  f i g u r e  8. 
appears t o  be both low s t r a i n  r a t e  and high s t r a i n  rate embrittlement 
sem i t i v i t y .  

I n  figure 8, t h e  dashed l ine8  connected 

The s o l i d  l i n e  connecting t h e  square 's  in t h i s  f igure represents  

Based on average values the re  

As mentioned previously, low s t r a in  rate embrittlement has been associiited 
w i t h  hydrogen i n  s o l u t i o n  while high s t r a i n  ra te  embrittlcment is associated 
wi th  t h e  p r e c i p i t a t i o n  of a hydride. Consequently, it should be possible  t o  
fir,a h;j;&-?26~ fa  +L- uucl man-n  I.-+&V~t.UUVVL- n n r n + t r r -  5f' t he  chnm.lc~11y mtlled T i  6A1-LV a l l o y  
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CONVAIR ASTRONAUTICS 
I .  i 

if t h e  high s t r a i n  rate s e n s i t i v i t y  is real and not  d a t a  eca t t e r .  

A careful examination of t he  microstructure of t h e  chemically mil led samples 
a id  not r evea l  hydride precipi ta t ion.  However, t h i s  exmina t ion  was car r ied  
out a t  o p t i c a l  magnificationa and it is poasible  t h a t  an extremely fins 
hydride p r e c i p i t a t e  rnay have gone undetected. 
attempted. 
t i t an ium a l loys  i n  so far as hydrogen embrittlement is concerned. 
a l loye  have been found s e n s i t i v e  t o  hydrogen a t  low s t r a i n  rates. 
the a l loys  inves t iga ted  t h e  6~1-4v alloy 
s e n s i t i v e  t o  e m b r i t t l e w n t  from hydrogen (28, 30, 32). 
present  inves t iga t ion  tend t o  confirm t h e  previous work s i n c e  hydrogen 
charging conditions were r a t h e r  severe and only minor embrittlement was 
found . 

glec t ron  microscopy was not 
The alpha-befa alloys have been t h e  most extensively inves t iga ted  

These 
Of all 

w a s  found t o  be one of t h e  l ea s t  
The r e s u l t s  of t h e  

Beta-Alloy Ti-13V-IlCr-3u 

The a l l  be t a  alloy Ti-13Vg11Cr-3Al w a a  severe ly  embri t t led by hydrogen with 
t h e  removal of 30 m i l s  of  metal by chemical m i  ling. 
data are p lo t ted  i n  figure 9 and tabulated in i ab le  90 As shown i n  f igu re  9 
band d u c t i l i t y  of t h e  chcnical ly  milled Ti-13V-llCr-3Al alloy drops t o  only 
a small f r a c t i o n  of t h e  unembrittled condition. There is no obvious s t r a i n  
rate s e n s i t i v i t y  in t h i s  severely embri t t led condition, a t  l ea s t  over t he  
range covered i n  t h i s  worko 

The bend d u c t i l i t y  

Rocovery treatments as long as 100 hours a t  room temperature d id  not produce 
any real  change in bend duc t i l i t y .  
at Q i t h e r  8000F or llOO°F a t  8 pressure of 40 microns or less d i d  not 
increase  6end d u c t i t i t y  appreciably. 
suggest  very s t rongly  t h a t  t h e  severe embrittlement of t h e  Ti-13V-llCr-3Al 
a l loy  is primari ly  caused by t h e  formation of a f a i r ly  s t a b l e  hydri.de and 
the hydrogen i n  so lu t ion  is not very detrrmental. 

Troiano, et a1 have shown t h a t  the 'all E a l l o y  Ti -13V- l lCr -3Al  is suscep t ib l e  
t o  low s t r a i n  r3te hydrogen embrittlement a t t r i b u t a b l e  t o  hydrogen i n  s o l u t i o n  
aS hydrogma levels above 400 rpm (20), Despite  t h e  high d i f fus ion  rates of 
hydrogen i n  beta al loye,  the low s t ra in  embrittlement was not as pronounced 
as i n  alpha-beta alloys, probably because of t he  increased s o l u b i l i t y  
o r  to le rance  f o r  hydrogen i n  the  be t a  s t ruc tu re .  
embr i t t l eaent  due t o  kydrogen i n  s o l u t i o n  vas not found i n  t h e  present 
s tudy  it may be concluded t h a t  o i t h e r  the t e g t  technique is not s e n s i t i v e  
tnouw or t h a t  t h e  severe embrittlement apparently caused by t h e  hydride 
formation +npw -nnt.rkd the  low &cain rate m n & i t t f m n t .  

$m&at%on of thd' aaicroetructure of fhs ehmba1I.y nilled Ti013V-11Cr-3Al 
a l l o y  fa i led  t o  reveal any hydride p r e c Q i t a t i o n .  The microstructure  

*%is heat tranted" and *as chemically milled" is ghown in figure 10 s t  
100 I[. 

Vacuum recovery treatments of 24 hours 

The r e s u l t s  of the recovery treatments 

Since low s t r a i n  rs te  

- .  ,-- .__--- -- - 

The mioroetru&ure of thlo heat &e romwius% @ i i Z S t .  

_- - - _  2 

FORM NO. A-702-1 



response w a s  q u i t e  erratic.  After t h e  aging hea t  treatment,  p r e c i p i t a t i o n  
was complete i n  about 75 percent  of t h e  graina but  25 percent of  the  grairls 
showed only adnor resganse t o  th6  aging treatment and remained e s s e n t i a l l y  
unchanged (i.0. partially %ramformad Beta),sm Figure 10. 

However, no -14 -- -- or obvious hydride p r e c i p i t a t i o n  was apparent. 
Jaff'er, ScharWmrganb W$/lituns found impact o r  high s t r a i n  r a t e  embri t t le-  
Eent i n  a Ti-20 Mo beta al loy (28). 
i n  any of t h e  embri t t led 8 ~ a p h S .  

. -  

They could riot f i n d  hydride p rec ip i t a t ion  

Low temperature vacuum recovery treatments should r e s t o r e  d u c t i l i t y  i f  
hydrogen i n  so lu t ion  I s  t h e  cause of embrittlement, but i f  t h e  hydrogen 
i s  t i e d  up i n  a more s t a b l e  configurat ion high temperature vacuum treatments 
should be required.  

Low temperature VQCUU treatments of  24 hours a t  8000F and llW°F d i d  not 
r e s t o r e  ductility (see Table 9 ) .  
24 hours a t  1400°F urn successfu l  (see Table 9 )  but  t h i s  t reatment  Q ~ S O  

r ezu l t ed  i n  r e so ld t ion  of t h e  p r e c i p i t a t e  and considerably sof tened t h e  
alloy. 
tre3tIdent,  the r e s a l t s  are  c l e a r  evidence o f  t h e  removal of hydrogen from 
Ti -13V- l lCr -3Al  a l loy .  

However, a vacuum degassing treatment of 

Even though t h e  base o r  comparison condition was changed by t h i s  

These cata s t rongly  ciuggeRt thHt hydrogen i n  a r e l a t i v e l y  fitable form is 
t h e  cause of einbrittlrmont. 
formed i n  t h e  gra in  boundries but  have gone undetected i n  t h e  present  
i nv CR t i g a t  ion.  

It i s  possible  t h s t  very fine hydrides are 



Tha proaerring toahnique of chemical ndUing can introduce hydrogen i n t o  
moat metals. The preaenao of the hydrogen may caw. hydrogen embrittlement. 

Ma tha r  a metal bocomea hydrogen embrittled from t h e  chemiaalmilling proceaa 
depende on many f aa to r s ,  all of which are not ual l  dsfinod or  understood. 
Major f ac to r s  such ae chemical composition, e t r u c t u r e  and ul t imate  t e n a i l e  
e t rength  are  important, bu t  are not tho only f a c t o r s  involvod. 
ia t h e  present work, high 8trengOb 4340 s t e e l  and cold worked 301 s t a i n l e s s  
s t e e l  woro found t o  ba hydrogen s m b r i t t l e d  from the chonrical milling process, 
but  othor a t e e l s  such aa 431 s t a in l e s s ,  AM 350 and AM 355 having similar 
composition, s t r u c t u r e  and t e n s i l e  strength uero not. 
a u s t e n i t i c  s t ~ a i n l s s s  ateel, A 286, vas not  hydrogen embri t t led by chomical 
milling. 

For examplo, 

The low atrength 

Of tho threo  titanlum d l O g 6 ,  tho beta alloy, Ti-l3V011Cr-3Al wa8 m c w t  
aeverely hydrogon embri t t lad by chomical milling. 
T i d A L A V ,  show08 soma mlnor embrittlemont while t he  alpha al loy ,  Ti-J.OA1- 
2.5Sn VM not dritt1.d. 

The Alpha-beta a l l o y ,  

Reoovwy treatmante ware found which restored t he  original d u a t i l l t y  t o  
the hydrogen embrittled materials. The erne of r e s t o r a t i o n  of d u c t i l i t y  
(roinoval of hydrogon ombrlttlement ) varied with the  m a t e r i a b .  Duc t i l i t y  
w a s  res tored  i n  the 4340 a t e e l  by holding between 8 and 33 hours a t  r o o m  
temparsture, but e l w a t s d  temperature baking treatment8 were fequired for 
aold worked 301 stainlass s t e e l ,  Elevated temperature vaouum treatments 
ware necossary i n  order t o  restore ductility t o  the TI-UV-1lCr-3A.l 
titanium alloy, 

It is poaaible t o  US. cheaical composition, s t ruc tu re ,  and ult imate  t e n s i l e  
s t r e n g t h  am a guide i n  predict ing tho  s u r c e p t l b i l i t y  of a given naterial t o  
hydrogen Qmbrlttlwmnt, but aa shown by tho preaont work t h i e  approach is 
far from preclso.  
tost techniquo. 

It appears necessary t o  check each material by a suitable 

The constant strain rate bond test has proved a valuable  teet ing t o o l  in 
t h e  ovalustion of r u s c e p t i b i l i t y  of materiale t o  hyclrogon embrittlement. 
It is inexpemivo of tinto and monoy. 
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BEND DUCTILITY OF AIS1 040 STEEL 

MATERIAL CONDITION 

AS HEAT TREATED- 0040 

AVERBCE 

I 

HEAT TREATED + CHEMICALLY MILLED 
FI-iOM .050 to .040, ’PESTEI) IMMEDIATELY 

1 H U T  TREATED + CHEMICALLY MILLED FROM 
.a0 to .O4O, TESTED D4MEDIATELY 

AVERAGE 

TESTING SPEED, IN/”. I 

1.0 

2-45 
2.23 
2.36 
2.w 
2.30 - 
2.35 

2.09 
2.19 
2.24 
2.16 
2.30 
2.20 

1.42 
1.68 
1.40 

1.86 

1,59 

1.57 

0.1 - 
2.27 
2.20 
2.35 
2.30 
2.34 - 
2.30 

2.05 
2.09 
2.17 
1.81 
iU2 
2.05 

1.58 

1.60 
1.32 
hpro 

1.48 

1.40 

0.01 - 
2 . a  
2.09 
2.13 
2.02 
2.15 

2.12 
- 

1.98 

1.98 
1.96 

1 e93 

m 
1.83 

1.72 
1.89 
1 .L5 
1.91 
La22 
1.78 

0.001 

2.04 
1.98 
2.04 
1.99 
2.05 

2.01 
- 

1.97 
2.03 
2.10 
2.01 
1.96 
2.01 

2.09 
2.02 
2.07 
2.10 
2.09 
2.07 
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u 

0 BEND DUCTILITY OF AIS1 WLO STEEL 
Recovery Treatment LI 

TESTING SPEED. I N h I N .  
MATERIAL CONDITION 

HEAT TREATED + C € E M I C A L L Y : m D  
FKOW .060" to .040t1, HELD 4 HOURS 
AT AMEIENT TpiPEKATUHE BEET)KP: TESTING 

I AVERAGE 

I HEAT TREATED + CHEMICALLY MILLED 
FROM 0.060" to o.o40n, KEWD 8 HOW 
BEFORE TESTIMC 

0 
AVEMGE 

u 
2.45 
2.28 
2.22 
2.29 
2.30 

- 
2.27 

- - - - - 
- - 

0.1 - 
1.98 
2.02 
2.01 
2.12 
2.01 

- 
2.03 

2.03 
2.12 
2.09 
2. Q4 
2.07 

- 
2.05 

0.01 - 
2.16 
2.10 
2.07 
2.11 
2.03 

- 
2.10 

- - - - - 
- - 



MRG-219 
Page 27 

TABLE 5 

BEND DUCTILITY OF C O L D - M U D  301 STAINLFSS STEEL 

MATERIAL CONDITIOI 
TFSTIMG SPEED. I N h I N .  - 

0.001 - 1.0 _o.l 

a a a a 

a a a a 
AS COLD-HOLLED - 0.060 GAUGE 

AVERAGE 

As C O L D - P Q L r n  
FROM .OolOO t o  

- CHEXICALLY MILLED 
0.060, TESTED IMMEDIATELY 1.08 2.12 1.84 1,60 

1.05 2.18 2.07 1.99 

2.29 2.36 1.51 1.16 

2.36 1.99 1.58 1.28 

2.36 1.96 1.67 1 . lo 

AS COLD-NOLLED - CHENICALLY MILLED 
BY C0MMI;;RCIAL SOURCE- OLI; BATH 
( .lo0 to 0,060) TESTED IMMEDIATELY 

AS COLD-FiOLLEI) - CHEMICALLY M I L L E D  
BY COMMF,XIAL SOUHCE-NEM BATH, 
TESTED IMMEDIATELY 

- - - 
' ?  AVEUGE 2.26 2.04 1.67 1.13 

- - - - 
AVXRAGE 1.96 1.43 
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TABLE 5 (Continued) 

THEA’MWT TIME, 
HOURS 

HELD AT AMBIENT TEMPEhATURE 24 

48 

120 

260 

BEXD D U C T I L I T Y  A T  0.1 IN/MIN.  
TESTING SPEED - 

2.42, 1.56, 2.32, 2.20,2.00 = 2.10 

2.20, 2.28, 2.36 = 2.23 

2.50, 2.30, 2 . U  2060 

2.05, 2.50, 2.45 = 2.33 

HELD AT ELEVATED TENPERA’NFES TEMPERATURE OF TIME, BEND D U C T I L I T Y  AT 0.001 IN/hIM. 
TESTING SPEED 
b 

H O U R S  - 
loo 2 42.50 

4.00 4 c2.50b, 1.85, e2.50 b 

400 8 2.6‘, 2.580 

5 0 0  4.5 2.6”, 2.62C 

HELD AT 4W°F TIME - BEMI D U C T I L I T Y  AT 1.0, 0.1 A M I  
0.01 I N h I N .  T E S T I N G  SPEE3 

4 a 

a. 
b. 
C .  Small cracks appear. Complete fracture did  not  take place. 

Samples bent to limit of machine, 2.67”, without appearance of crack. 
Value could not be accurately determined due t o  recorder failure. 
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TAl3i.E 6 

BEND DUCTILITY OF OTKER STEEL ALLOYS 0 
MATERIAL TREATMENT BEND DUCTILITY AT ALL 

FOUR TRSTING SPPFDS 

A286 Stainleas Stee l  A s  Heat Treated (.O40) R 

A286 Stainless Steel Chemically milled from 060 t o  040, 
tested immediately 

431 Stainless Stael As Heat Treated ( .O,$O> 

4.31 Stainless  Steel Chemically milled from 060 to 040, 
tested immediately 

AM3 50 

I AM3 50 

AM355 

. A H 3 5 5  

A s  Heat Treated ( .040) 

Chemically milled from to .04d: 
tes ted  immodiiltely 

A 8  Received, (cold-rolled) .Qdo" 

Chemically milled from .063t' to  .O4Of1, 
teated immediately 

a 

a 

a 

a 

a 

a 

a 

a. A l l  samples were bent to the l i m i t  of the bend teat  machine (2.67") without f a i l u r e  
or cracking. 
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TABLE 7 

BEND D U C T I L I T Y  OF THE ALPHA TITANIUM ALLOY. T i - 5 A 1 - 2 . 5 S n  

TEJUAL COD ITION TESrTIPlG SPEED. IMMN. 

1.0 &A p.ol 0.001 

As HEAT TREATED,.030" GAUGE a a a a 

AVEHAGE a a a a 

CHEMICALLY MILLED FROM 
.050" To .030", TESTED IMMEDIATELY a a a a 

AVERAGE a a a a 

a. A l l  samples were bent t o  the  limit of  t h e  bend tes t  machine (2.67") without 
failure or cracking. 

. .  
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TABLE 8 

BEND D U C T I L I T Y  OF THE ALPHA-BETA TITARIUM ALLOY 
Ti -6A1-4V 

MATERIAL C O N D I T I O N  

AS HEAT TREATED, .040 GAUGE 

T E S T I N G  SPFaD. IH/I.!IN. 

0.1 0.01 0.091 - 1.0 - -  - 
2.57 2.65 2.65 a 
2.72 2.54 I a 
2.58 2.65 a a 
2.43 2,jO 2.60 a 

a && 2.61 8.. - 
AVERAGE 2.55 2.59 a- 2-62 a 

2.15 a a 1.99 
2.44 2.68 2.64 a 
2.75 a 2.35 1.65 
2.69 2,53 2.36 2.68 
a a 2 . 6 9  9. 

AVERAGE 2.42 a-2.60 a-2.51 a-2.11 

e 
a. All samples bent to the l i m i t  of the bend test machine (2.80") without  fracture.  
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BENID OUCTILITY OF THY BETA TITANIUM ALLOYS 
T i  -13V-llCr-3 Al 

MBTEUAL CONDITION TFSTING SPEED, INhfI", 

AS €EAT TWATED, 0.040 GAUGE 

AVERAGE 

CHEMICALLY MILLED FROM 0.070" TO 0.040", 
TESTEI, IMbEDIATELY 

L O  Q 0.c1 0.001 

2.63 2.41 2.67 2,58 
2.70 2.51 2.62 2.39 
2.58 2.64 2.54 2.54 
2.50 2.52 2.65 2.50 
2.65 

0.32 0.30 0.52 0.20 
0.62 0.16 0.32 OoW 
0.25 0.42 0.24 0.32 
0.24 0.22 0.30 0.38 
P,36 0,25 

AVEIiAGE 0.36 0.28 0.34 0.31 

- KECOVERY TESTS 

.. L TREATMENT TIME, BFND DUCTILITY AT 0.1 INfiIN. 
- - H O U G  TESTING SPEED 

HELD AT HDOM TEMPEMWIiE 4 0.48, 0.59, 0.15, 0.21, 0.32 = 0.35 
zd 0.32, 0.25, 0.20 = 0.25 
100 0.11, 0.11, 0.10 = 0.11 

HELD AT 800% IN VACUUM 24 0.07, 0.08, 0.10 = 0.08 

HELD AT llOO°F IN VACUUM 24 0.32, 0.15, 0.20 = 0.22 

HEU) AT l4OO0F IN VACUUM No Fai lurea  in 0.01 and 9.001 in/min. test 24 
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Si- of Sheared SpooiaSn Size of Pinisbed Band Specimn 
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Figure 2. Schmmtio repret~entatiaol of freo ad- loaded bend test .  
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Figure 3. Bend Test Machine 
_ _ ~ . _ _  -. 
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Figura 4. Eend Test Machine v i t h  covers  renoved showing gear train, 
movable jaw, sample, and f ixed jaw rnodnted on load ring. 
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Ilr H e a t  Traat'od 

Chemically Milled 

Figure 10. Microstructure of Tf-13V011Cr-3A1 1000 X 
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